Abstract: Sphingomyelin is a lipid that is abundant in the nervous systems of mammals, where it is associated with putative microdomains in cellular membranes and undergoes alterations due to aging or neurodegeneration. We investigated the effect of varying the concentration of cholesterol in binary and ternary mixtures with N-palmitoylsphingomyelin (PSM) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using deuterium nuclear magnetic resonance ( 2 H NMR) spectroscopy in both macroscopically aligned and unoriented multilamellar dispersions. In our experiments, we used PSM and POPC perdeuterated on the N-acyl and sn-1 acyl chains, respectively. By measuring solid-state 2 H NMR spectra of the two lipids separately in mixtures with the same compositions as a function of cholesterol mole fraction and temperature, we obtained clear evidence for the coexistence of two liquid-crystalline domains in distinct regions of the phase diagram. According to our analysis of the first moments M 1 and the observed 2 H NMR spectra, one of the domains appears to be a liquid-ordered phase. We applied a mean-torque potential model as an additional tool to calculate the average hydrocarbon thickness, the area per lipid, and structural parameters such as chain extension and thermal expansion coefficient in order to further define the two coexisting phases. Our data imply that phase separation takes place in raftlike ternary PSM/POPC/ cholesterol mixtures over a broad temperature range but vanishes at cholesterol concentrations equal to or greater than a mole fraction of 0.33. Cholesterol interacts preferentially with sphingomyelin only at smaller mole fractions, above which a homogeneous liquid-ordered phase is present. The reasons for these phase separation phenomena seem to be differences in the effects of cholesterol on the configurational order of the palmitoyl chains in PSM-d 31 and POPC-d31 and a difference in the affinity of cholesterol for sphingomyelin observed at low temperatures. Hydrophobic matching explains the occurrence of raftlike domains in cellular membranes at intermediate cholesterol concentrations but not saturating amounts of cholesterol.
Introduction
The concept that biomembranes are two-dimensional fluids with randomly distributed proteins has been challenged by the proposal that cellular membranes may contain areas of lateral segregation known as lipid rafts. 1 The presence of these domains is typically associated with cellular functions such as vesicle fusion, signal transduction, lipid trafficking, transcytosis, protein sorting, and virus budding.
2 Hence, they constitute an important target for research in pharmaceutical and physical chemistry as well as in cellular biology. As currently understood, rafts are mostly depleted of unsaturated phospholipids and enriched in sphingolipids, cholesterol, and certain lipid-anchored proteins. 3 diffusion and positional disorder, as found in the l d phase, together with relatively ordered acyl chains, as occurs in the solid-ordered (s o ) phase. 5, 7 The l d phase in these systems typically contains highly unsaturated lipids with a low phasetransition temperature, whereas the l o phase predominately consists of a saturated or sphingolipid component with a high phase-transition temperature and cholesterol. Analyzing the thermodynamics and structural properties of such lipid mixtures remains a challenging task. 8 Experiments using fluorescence techniques have led to substantial progress in understanding the phase behavior and boundaries in ternary mixtures by their ability to establish binary and ternary phase diagrams for several lipid systems of current interest. 9 Yet these phase diagrams are often quite fragmentary at physiologically relevant temperatures and in some cases can lead to questionable conclusions because of the need to incorporate a fluorescent probe. This last disadvantage has recently attracted significant attention, as changes in phase behavior have been discovered upon addition of even trace amounts of a fluorescent probe. 10 Solid-state 2 H NMR spectroscopy, on the other hand, is a versatile technique that lends itself to a noninvasive investigation of the order and mobility of acyl chains and polar headgroups in lipid bilayers. 11, 12 The residual quadrupolar couplings (RQCs) of chain deuterons located within the lipid bilayer can be evaluated in terms of segmental order parameters and order parameter distributions, which may also yield knowledge about partitioning of the lipids into different bilayer domains. Further interpretation using structural models can provide information on the mean interfacial area of a lipid or the average length of the acyl chain projection, which is directly related to the membrane thickness. 12, 13 Combining these measurements with the overall ordering of the acyl chains, which is directly accessible by solid-state 2 H NMR experiments, enables one to acquire information about the phase behavior of lipids in the mixtures. Nonetheless, a limitation of this technique is the availability of selectively deuterated lipid samples. Deuteration of sphingomyelin is of particular interest because of the abundance of this lipid in the nervous systems of mammals, where it becomes increasingly enriched as a result of progression in age, 14 but it poses a synthetic challenge. The normal semisynthetic pathway, namely, removal of the amide-linked fatty acyl chain followed by reacylation with a deuterated derivative, is hampered by partial epimerization at the C3 carbon of the sphingosine backbone. Despite these difficulties, a chemical synthesis of optically pure and selectively 2 H-labeled sphingomyelin is needed for an investigation of the putative role of sphingomyelin in the formation of rafts.
In our studies, we used binary mixtures of cholesterol with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or N-palmitoylsphingomyelin (PSM), in which the palmitoyl chain of POPC or PSM was perdeuterated, to study the different effects of cholesterol on the saturated chains of the lipid. Additionally, we investigated ternary mixtures containing both lipids and varying cholesterol content at several temperatures in order to obtain structural information on the lipids for representative sections of the phase prism of the ternary mixture. We observed each 2 H-labeled lipid component separately, and using a structural model, we were able to distinguish the order parameter profile for each component in its respective phase. For certain ranges of temperature and cholesterol content, lateral phase separation due to the preferential interaction of cholesterol with sphingomyelin was demonstrated. However, our data suggest that little or no phase separation is detectable at cholesterol mole fractions (X C ) greater than 0.33, indicating that PSM is in a homogeneous phase with POPC and cholesterol. These concentrations are lower than those implied by published phase diagrams 9, 15 and have important implications for lateral organization and raft formation in biological membranes in vivo.
Methods
Chemicals. Synthetic POPC, egg yolk sphingomyelin (EYSM), cholesterol, and 1-perdeuteriopalmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC-d 31 ) were purchased from Avanti Polar Lipids (Alabaster, AL). Perdeuterated palmitic acid (palmitic acid-d 31 ) and deuterium oxide were obtained from Cambridge Isotopes (Promochem GmbH, Wesel, Germany). Labeled N-perdeuteriopalmitoylsphingomyelin (PSM-d 31 ) was synthesized by N-acylation of D-erythro-sphingosylphosphocholine as described previously. 16 Briefly, the p-nitrophenyl ester of palmitic acid-d 31 and anhydrous potassium carbonate were added to lysosphingomyelin (prepared from EYSM as previously described 17 ) in a mixture of anhydrous dimethylformamide and dichloromethane under nitrogen, and the mixture was stirred at ambient temperature for 1 day. The products were purified by silica gel column chromatography (eluting with 65:35:5 chloroform/methanol/water), and the suspended silica gel was removed by filtration. Purity was checked by thin-layer chromatography and liquid chromatography/mass spectrometry.
Lipid Sample Preparation. Oriented lipid multibilayers were prepared and macroscopically aligned as described elsewhere. 18, 19 Briefly, 30 mg of the lipid or lipid mixture containing at least 12 mg of deuterated material was dissolved in 2.5 mL of tert-butyl O mixture was applied to the paper surface. The tube was rapidly sealed with two appropriately machined Teflon plugs having silicon O-rings. The membranes were annealed for 8 h at 46°C. The annealing process and the final hydration level were monitored by observation of the water signal at the offset frequency of the 2 H NMR spectrum.
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For unoriented samples, the lyophilized (from tert-butyl alcohol) lipid mixture containing at least 20 mg of perdeuterated material was weighed in a glass tube, and 50 wt % of 2 H-depleted water was added. On one side of the tube, a constriction was drawn by heating the glass with an oxygen burner under Ar. Immediately thereafter, the top of the constriction was melted and thereby sealed under vacuum. While the glass was heated, the sample was held at 77 K in a bath of liquid nitrogen. The tube was centrifuged at 5000g with inversion of the sample several times above the phase-transition temperature in order to ensure complete hydration. After equilibration for at least 4 h, both sides of the tube were opened with a glass cutter, and the sample was transferred to a tubular polycarbonate jacket with a diameter of 5 mm by applying gentle pressure to the nonconstricted end. The jacket was sealed with appropriately machined Teflon plugs. Because of the use of 2 H-depleted water and the consequent absence of the water signal, the annealing was monitored by the overall shape of the spectra above the phasetransition temperature.
Solid-State Deuterium NMR Spectroscopy. All of the 2 H NMR spectra were acquired with a Varian VXR-400 spectrometer operating at 9.4 T ( 2 H frequency 61.4 MHz). Spectra of macroscopically aligned samples were obtained using a 10 mm flat-wire solenoid. A locally constructed goniometer was used for accurate alignment in the magnetic field at θ ) 0°, where θ denotes the angle between the normal to the bilayer stack and the field direction. 19 In some cases, it was more practical to acquire spectra of powder-type samples using a 5 mm flat-wire solenoid, which were de-Paked using rapid deconvolution by weighted fast Fourier transformation 20 to yield results for the θ ) 0°orientation. The quadrupolar echo sequence 21 was applied for signal excitation, using composite pulses with a 90°pulse width of 10 µs for the 10 mm coil and 3 µs for the 5 mm coil. The pulse spacing was 20 µs, and the recycle delays were chosen to avoid saturation. To increase the signal-to-noise ratio, the unoriented spectra were symmetrized by processing only the data points recorded from the real channel. When samples of several compositions were measured with both experimental setups, the results were in good agreement, giving almost identical quadrupolar splittings and 
where Q denotes the quadrupolar coupling constant (167 kHz for a C-2 H bond), P 2 (cos θ) is the second Legendre polynomial, and S CD (i) is the order parameter for the ith C-2 H bond in the hydrocarbon chain. The quadrupolar splittings of the C2 methylene groups were omitted because of their inequivalence; the almost parallel alignment to the membrane surface of the pro-R deuteron and the ∼34°angle of the pro-S deuteron in the case of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) does not allow a comparison with the other methylene segments. Peak assignments were generally made by assuming that the order parameters decrease in going from C3 to the methyl end and that the area under each peak is proportional to the number of deuterons. A more precise assignment of the 2 H NMR spectra of pure PSM-d 31 and PSM-d 31 /POPC was possible on the basis of previously published results. 16, 17 For the oriented samples, the number of water molecules per lipid headgroup (n w ) was obtained by calculating the integral ratio of the respective 2 H signals from 2 H 2 O and the labeled lipids. The hydration level was adjusted to obtain full hydration 23 of the respective bilayers (25 e n w e 35). The angle θ between the normal to the glass plates and the magnetic field was varied until the quadrupolar splittings ∆ν Q (i) reached a maximum, indicating that θ ) 0°(eq 1). In the case of the unoriented samples, the addition of 50 wt % of water assured complete hydration for the duration of the experiments. For the unoriented samples, the first and second moments M n (n ) 1, 2) were calculated according to eq 2:
where f(ω) denotes the spectral intensity distribution and ω ) 0 corresponds to the Larmor frequency ω 0.
Calculation of Structural Parameters via Application of the First-Order Mean-Torque Model. If it is assumed that the hydrocarbon chains have an average shape of a prism (cylinder or cuboid), the distance traveled between carbons i + 1 and i -1 projected on the bilayer normal can be expressed as
where A i is the cross-sectional area per segment and V CH2 is the volume of a single methylene group, which can be approximated using the expression V CH2 (T) ≈ V CH2 
This result enables the average projected chain length 〈L C / 〉, which gives the average distance between the second carbon and the terminal methyl group, to be calculated by summing up the projections for each carbon segment:
where n C designates the number of carbons per chain. We can also determine the full chain length projection 〈L C 〉 by estimating 〈D 2 〉 by 〈D 3 〉 and adding the extra term 〈D nC-1 〉 to approximate the contribution from the n C ) 16 terminal methyl end: It should be stressed that the hydrophobic thickness and the chain length are not necessarily the same because of the existence of a distribution of acyl chain lengths and interdigitation between opposing bilayers. Although it is possible to determine the average projected chain length by summing up the projection contributions for each carbon segment, the hydrocarbon thickness D C can be calculated by using just the values obtained for the plateau-region carbon segments, which gives results in good agreement with available X-ray data.
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With the assumption that the average shape of the hydrocarbon chain constitutes a geometrical prism, the volumetric thickness D C is then related to 〈A〉 by the expression
where V C is the total volume of a single chain. It is well established that the volume of a methyl group is twice the methylene volume, 24
i.e., V CH3 ≈ 2V CH2 . Moreover, for the top part of the chain (nearest the aqueous interface), eq 3 can be rewritten as:
In the above formula, 〈A〉 represents the mean area per chain at the aqueous interface and corresponds to those segments in the plateau region of the order profile where S CD ≈ constant (index i is suppressed). Hence, using eqs 7 and 8, we can express D C as
For calculation of the average interfacial area 〈A〉 and the hydrocarbon thickness D C , the value of the so-called area factor q ) 〈1/cos 〉 is needed; it can be approximated by 13 q ≈ 3 -3〈cos 〉 + 〈cos 2 〉 (10) For individual segments (index i), obtaining the value of 〈cos 2 i 〉 from the RQCs is straightforward using eq 11:
Solid-state 2 H NMR experiments enable the order parameter |S CD | for the plateau region to be obtained directly from observables using eq 1.
However, in the liquid-crystalline state, acquiring the value of 〈cos i 〉 is more complicated because 〈cos 2 i 〉 1/2 * 〈cos i 〉, which manifests the variance of the length and area distributions. 25 In effect, one needs to know the first and second moments of the orientational distribution function f( ). For statistical treatment of the possible orientational angles , the mean-torque model assumes that the orientational order of the acyl chain segments relative to the local director frame can be described by a mean-field orientational potential, denoted by U( ), which in a first-order approximation is given by U( ) ≈ U 1 cos . The form of the distribution function of is given by the Boltzmann factor, yielding
in which the partition function is
If a first-order mean-torque potential is assumed, the following coupled equations, obtained from integration of eqs 12 and 13 by cos , can be solved numerically:
An analytical solution for 〈cos 〉 can then be obtained using the approximation coth(-U 1 /k B T) ≈ 1, which for individual segments gives the relation
It should be noted that in the limit of an all-trans chain with axial symmetry, 〈cos
Hence, according to eqs 8 and 9, the limiting area is 2V CH2 /D M and the limiting volumetric thickness is n C D M /2, suggesting that the model can also be applied to the gel state at temperatures where rotational diffusion of the lipids occurs. Although the above formula is applicable only for order parameters S CD (i) e -1 / 8 , this is sufficient for most plateau values in 2 H NMR of lipid membranes. For the calculation of 〈cos i 〉 in cases of smaller order parameters, eqs 14 and 15 are applied. Use of the mean-torque model is justified mainly for large |S CD | values, but nonetheless, calculating the chain length of highly mobile methylene groups with small absolute magnitudes of the order parameter can be a valuable tool, especially for comparing data for the same acyl chains at different temperatures and in different mixtures. For a mixture, the area factor q is the weighted sum and the calculated values of D C and 〈A〉 are then numberweighted averages over the components, according to the theory of moments. Lastly, from the values of D C and 〈A〉, the isobaric thermal expansion coefficients parallel (R | ) and perpendicular (R ⊥ ) to the membrane normal can be calculated using eqs 17 and 18, respectively:
Results

Deuterium NMR Spectroscopy of Binary Lipid Mixtures
Containing Cholesterol. Phosphatidylcholines and sphingomyelins from cell and organelle membranes are characterized by distinct physical and spectroscopic properties, regardless of their common choline headgroup. broad doublet with a maximum splitting of 117.0 kHz (for θ ) 0°) at 15°C. This is consistent with axial rotation of the lipids at temperatures moderately below that of the phase transition, with little or no biaxiality.
In an equimolar mixture of sphingomyelin and POPC, the phase transition commences at 25°C and is not complete at 15°C
. The transition can be directly seen in the mixture containing PSM-d 31 by the emergence of additional gel-phase signals with a quadrupolar splitting of 105.8 kHz at θ ) 0° (Figure 1c) . The spectrum of PSM-d 31 in the liquid-crystalline state is still superimposed on the gel-state spectrum, indicating that both phases coexist at 15°C. The observation of distinct 2 H NMR spectral components implies that the lateral phase segregation entails a domain size large enough for diffusional exchange of the deuterated lipids between the domains to be slow on the 2 H NMR time scale. In contrast, there is only one component in the 2 H NMR spectra of POPC-d 31 in the same binary mixture (Figure 1d ), suggesting that this phospholipid rapidly exchanges between ordered and disordered domains. It may be seen that the POPC-d 31 spectrum broadens significantly at 25°C, i.e., close to the phase transition identified in Figure 1c At the lowest cholesterol mole fraction, X C ) 0.15, the quadrupolar splitting corresponding to the outer edges of the spectrum increases by 15 kHz at 55°C, which can be attributed to the well-known ordering effect of the rigid cholesterol ring structure. [28] [29] [30] This is accompanied by signal broadening, which to some extent may be the result of rapid exchange of the lipids between ordered and liquid-disordered domains. Inhomogeneous line broadening, due, for example, to a more pronounced mosaic spread in the macroscopically oriented samples, must be also considered. The entire phase transition is substantially broadened in this case, i.e., the onset can be detected at 42°C, and completion has not been reached at 20°C (Figure 2a ). When the cholesterol content is increased to X C ) 0.2, the transition from the l d to the s o phase seems to vanish completely. The significant line broadening and the Finally, at X C ) 0.33, the main phase transition is no longer detectable, and the 2 H NMR spectrum at 55°C reflects a homogeneous l o state (Figure 2d) . Thus, at X C ) 0.33, the amount of cholesterol seems to be sufficient to completely eliminate the l d phase in a binary mixture with sphingomyelin. In addition, at 40°C the largest splitting shifts from 65.7 kHz for PSM-d 31 alone to 104.8 kHz (θ ) 0°), corresponding to an order parameter of S CD ) 0.42, which is indicative of an l o state. The large quadrupolar splitting is close to the calculated maximum splitting of 127.5 kHz expected for complete parallel alignment of the acyl chains with respect to the magnetic field when in the trans state and rotating about the bilayer normal.
A comparison with the 2 H NMR spectrum of an analogous POPC-d 31 /cholesterol mixture (X C ) 0.33) reveals further differences (Figure 3) . The splittings at lower temperatures reflect similar chain ordering for the POPC-d 31 and PSM-d 31 bilayers. In the former system, however, the splittings decrease much faster with temperature, reaching 66.5 kHz at 60°C, which is more akin to a mixture of l d and l o phases rather than to a pure l o state. However, compared to those for PSM-d 31 , the signals in the POPC-d 31 spectra are much better resolved in both the oriented and powder-type samples, most probably as a consequence of the fluidizing effect of the adjacent oleoyl chain on the palmitoyl chain. We thus conclude that cholesterol at concentrations below a mole fraction of X C ) 0.33 has less influence on the ordering of the palmitoyl chain of POPC than on ordering of the sphingomyelin N-palmitoyl chain. A more detailed study of the POPC-d 31 /cholesterol system using 2 H NMR techniques has recently been published elsewhere. The distinction between the sphingo-and glycerophospholipids becomes even more conspicuous in the presence of cholesterol. For PSM-d 31 , the profile changes drastically in the presence of 20 mol % of cholesterol. At 45 and 60°C, a broad unresolved doublet now appears, i.e., there is a plateau region comprising ∼10 methylene segments. The quadrupolar splittings from the interfacial segments increase at temperatures <40°C, yielding an order parameter close to the value of -0.5 that would be expected for hydrocarbon chains in an all-trans state. At 33 mol % of cholesterol, the high-temperature order parameters for all of the PSM-d 31 segments increase significantly, and the ordering profiles are much less temperaturesensitive. In sharp contrast, there is no sudden increase in order parameter with decreasing temperature for POPC-d 31 Interestingly, in Figure 5a , the methyl group signal consists of doublet splittings (17.7 and 11.0 kHz for θ ) 0°, respectively), which are attributed to the coexistence of two laterally separated phases with different lipid compositions. 32 When the system is cooled from 60°C, the doublets appear at ∼38°C. This subset of splittings indicates that the phase domains are large enough to yield discrete spectral components on the 2 H NMR time scale. According to the integral ratio of the methyl peaks (Figure 5a) , the main fraction of PSM-d 31 is in the l o phase with a quadrupolar splitting of 17.7 kHz, while the smaller fraction pertains to an l d phase characterized by a splitting of 11.0 kHz. A comparison of the ternary PSM-d 31 spectra with those obtained with POPC-d 31 (shown in Figure 5b ) displays similarities and differences in the methyl group splittings. As lower temperatures are reached, the appearance of a second phase with domains large enough to generate a separately observable spectrum on the 2 H NMR time scale becomes evident for the mixture containing 1:1 POPC-d 31 /EYSM with X C ) 0.2. At 30°C, the second phase becomes noticeable by a sudden broadening of the methylene peaks. At 25°C, a second set of plateau peaks appears, with a splitting of ∼96 kHz for θ ) 0°, indicating a partitioning of POPC into the l o phase formed by PSM and cholesterol. A closer look at the inset in Figure 5b again shows doublet splittings for the methyl group signal, which arise from the main peak (8.8 kHz) and lead to a well-resolved second peak (11.5 kHz), indicating a spectral component due to the segregated POPC fraction in the l o phase. The integral ratio of the two peaks, which changes in the temperature range 25-15°C in favor of the outer methyl peak, further substantiates this point. Interestingly, the integral ratio is reversed in comparison with the methyl group splitting seen for 1:1 PSMd 31 Figure 5d . This lipid also exhibits uniform 2 H NMR spectra with large methyl group splittings (89.9 kHz for θ ) 0°at 40°C for the plateau peak), which are even greater than those in binary mixtures with cholesterol alone (85.0 kHz at 40°C
; not shown). The presence of sphingomyelin seems to have an additional ordering effect on the palmitoyl chain in POPC, which leads to increased quadrupolar splittings in a ternary PSM/ POPC-d 31 /cholesterol mixture in comparison with a binary POPC-d 31 /cholesterol mixture at the same total cholesterol molar ratio (X C ) 0.33). This observation is in line with almost ideal mixing of POPC and sphingomyelin in these mixtures. Another noticeable feature is the remarkably high resolution of individual resonances with lower quadrupolar splittings for the nonplateau methylene groups (C11 to C15) in the palmitoyl chain of POPCd 31 in comparison with PSM-d 31 . This is a general feature of the POPC spectra, as already shown in the binary mixtures with POPC-d 31 and cholesterol alone. The unsaturated sn-2 chain of POPC obviously has a disordering effect on the later methylene (Figure 6b ), the differences between the two first spectral moments vanish almost completely, giving values characteristic of an l o phase for both lipids. There is a divergence of the moments only at higher temperatures, most likely because POPC begins to form an l d phase earlier than PSM. This strongly argues for ideal mixing of the lipids at temperatures below 50°C with cholesterol mole fractions of X C ) 0.33.
Discussion
Dynamical Structure and Chain Packing of Lipid-Raft
Components. Analysis of the 2 H NMR data by means of the first-order mean-torque model 13 is very useful for gaining an understanding of the forces affecting membrane lipid bilayers. This approach can be used to determine the average projected length onto the bilayer normal for each segment of the acyl chain, thereby allowing calculation of the average carbon position relative to an arbitrary reference point (here, the terminal methyl group). Accordingly, we reindex the carbon atoms i using the alternate index i′ ) n C -i + s, where s is an arbitrary shift value. For s ) 2, the indexing is reversed, giving i′ ) 2 for the terminal methyl group and i′ ) 16 for the C2 carbon. This is more convenient for direct comparison of the headgroup region. The chain-extension profiles obtained in such a manner facilitate the analysis of the different bilayer structures. Applying this approach to binary mixtures of PSM-d 31 or POPCd 31 with cholesterol allows a comparison of the specific ordering effects of cholesterol on these lipids, thus revealing the factors leading to lipid mixing or phase separation.
In Figure 7 we compare the effects of cholesterol on the cumulative projected chain length at the level of single-carbon segments of the PSM-d 31 palmitoyl chain. At lower temperatures (20 and 30°C), the l o phase is assumed for a sphingomyelin membrane with X C ) 0.33, whereas the gel phase is adopted for pure PSM-d 31 . In both cases, however, the chain-extension profiles exhibit nearly identical characteristics with regard to the segmental projections onto the bilayer normal (Figure 7a,b) . Although the narrow line shape of the 2 H NMR spectra of PSMd 31 with X C ) 0.33 (Figure 2d ) clearly indicates the existence of a homogeneous l o phase over the whole temperature range, the chain extensions shown in Figure 7a ,b are almost the same as in the s o gel phase, which is identified by the line shape of the 2 H NMR spectra for pure PSM-d 31 at 15 and 30°C ( Figure  1a) . At higher temperatures (45 and 60°C), as shown in Figure  7c ,d, the chain-extension profiles clearly show the difference between pure PSM-d 31 and the cholesterol mixtures, yet surprisingly, almost identical projected chain lengths are calculated for X C ) 0.2 and X C ) 0.33. It is also interesting that the largest difference between the two cholesterol mixtures is observed for the interfacial region (i ) 2-5), despite the near saturation of the ordering effect for the other chain segments. This indicates that cholesterol is located directly in the vicinity of the water interface, as already implied by the recent literature. 33 In this regard, cholesterol can be considered as a spacer molecule that increases the separation between the lipid polar headgroups. addition, a more continuous dependence of chain order on cholesterol concentration becomes observable in the case of POPC. This is obviously due to the less favorable interaction of the unsaturated acyl chain of POPC with cholesterol, as has already been shown for different unsaturated lipids.
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The exact basis for the diminished ordering effect of cholesterol on POPC at intermediate concentrations could have several origins. Molecular dynamics simulations have shown that the hydroxyl group of cholesterol displays a preferential interaction with the carbonyl oxygen of the ester bond in the oleoyl chain of POPC, 38 where the molecularly rough side of cholesterol would be associated with the oleoyl chain, while the smooth R side could have a preferential interaction with saturated chains. 39 However, at higher cholesterol concentrations (X C ) 0.33), the amount of the sterol seems to be sufficient to induce the same order as in a PSM/cholesterol system, as also observed in other studies. 32 It should be noted that the N-palmitoyl chain in PSM structurally corresponds more to the sn-1 acyl chain of a comparable glycerophospholipid. Direct comparison of the chain length to that of the sn-2 palmitoyl chain in POPC still seems to be justified, as the difference in chain lengths for the sn-1 and sn-2 chains is minimal (e.g., a 0.15 Å difference for the two chains in DPPC 40 ). In terms of miscibility, comparison of the full chain extents of the two lipids, which indicate their hydrophobic chain lengths in the lipid bilayer, leads to further interesting conclusions. Hydrophobic mismatch (or interfacial-area mismatch) between sphingomyelin and POPC in binary mixtures or in ternary mixtures with cholesterol at X C ) 0.20 should lead to detectable phase separation. Conversely, as the values of the chain extent are matched much better in mixtures with higher cholesterol contents, the two lipids should mix almost ideally, at least at low temperatures. This of course assumes that neither of the lipids has a strong influence on the acyl chain order of the other, and (in the case of ternary mixtures) that cholesterol is evenly distributed between POPC and sphingomyelin, as suggested previously. 41, 42 Additionally, POPC has a stronger tendency than PSM to become disordered at higher temperatures.
The first-order mean-torque model 13 provides two important structural parameters for lipid bilayers: 〈A〉, the average area per acyl chain, and D C , the hydrophobic thickness of one bilayer leaflet. Both quantities are useful for following the expansion of the acyl chains perpendicular or parallel to the membrane normal (director). Figure 9 shows the semilogarithmic temperature dependence of 〈A〉 and D C for the two lipids. The phase transition in PSM-d 31 is suppressed by stepwise addition of cholesterol, as indicated by a sudden increase in area or decrease in hydrophobic thickness with increasing temperature (Figure  9a,c) . In contrast, POPC-d 31 shows a small curvature in this Figure 10a by the sudden increase in D C from 15.9 Å, which is characteristic of the l d phase of sphingomyelin, to 19.8 Å, which corresponds to the hydrophobic thickness of a membrane in the s o phase. At a cholesterol mole fraction of X C ) 0.15, the phase-transition temperature is decreased to 34°C (Figure 2a) , which is the typical effect of adding a solute to a pure material. In contrast, at a cholesterol mole fraction of X C ) 0.25, the onset of the broadened phase-transition temperature is now at 45°C, which is evident in Figure 2c . This observation can be explained easily by assuming that the transition is not between an l d Figure 10 , the l o phase of sphingomyelin in a binary mixture with X C ) 0.33 exhibits a slightly but distinctly smaller hydrophobic width of 19.5 Å at 20°C. By addition of such large amounts of cholesterol, the phase separation seems to be suppressed over a large temperature range. Only at temperatures above 38°C is there a small kink in the temperature dependence of D C , suggesting that small amounts partition into an l d phase coexisting with the much larger fraction of l o domains.
The effect of cholesterol on the average hydrophobic length of the palmitoyl chain in a POPC membrane is again distinct from that in sphingomyelin, as evinced by Figure 10b In ternary mixtures, the mean-torque model can provide us with additional arguments for answering the question of whether the lipids are in coexisting phases having different segmental orientational order. As observed by atomic force microscopy in comparable systems, 43 the microdomains consisting of sphingomyelin and cholesterol are distinguished by an increased bilayer thickness compared with that in the surrounding fluid phase. This should be directly observable by a difference in D C calculated for the two lipids, one participating in the l d phase and the other in the l o phase. Another interesting question is whether the phase behavior of the binary systems allows predictions for the ternary systems or a greater affinity between some components leads to different properties. In order to answer these questions, we first examine the plots of the temperature dependence of D C for ternary mixtures of 1:1 PSMd 31 /POPC with cholesterol (Figure 10c ). In the cholesterol-free 1:1 binary mixture of PSM-d 31 and POPC, a phase transition at ∼25°C results in a sudden increase of the hydrophobic thickness from 16.2 to 19.1 Å. This phase transition becomes less pronounced with increasing cholesterol mole fraction and completely vanishes for X C g 0.33. Only a slight increase in D C (0.3 Å) was obtained upon increasing the cholesterol mole fraction to X C ) 0.5, indicating that the chain-ordering effect is nearly at a maximum when the cholesterol concentration reaches X C ) 0.33. However, the corresponding plot for POPC-d 31 in mixtures with sphingomyelin and cholesterol (Figure 10d) shows a completely different picture. For the 1:1 binary mixture of EYSM and POPC-d 31 in the absence of cholesterol, the acyl chain of POPC displays a clearly smaller hydrophobic thickness than does that of sphingomyelin. Whereas sphingomyelin undergoes a clear phase transition in the binary mixture at 30°C
, the POPC-d 31 in the same mixture does not deviate from its monotonic dependence of order on temperature. This result, together with the chain-extension profiles displayed in Figure  8a -d, indicates only a small partitioning of sphingomyelin into the l d phase mainly formed by POPC. Obviously, no ideal mixing between the two components takes place over a broad temperature range. However, the difference of almost 1 Å in the hydrophobic chain lengths at 30°C does not seem to be enough to completely exclude sphingomyelin from the much more disordered POPC phase, as can be seen in Figure 1c . The addition of cholesterol seems to strengthen this phase separation at first. The difference in hydrophobic thicknesses then increases from 1.6 Å at 60°C to 4.4 Å at 15°C. It should be noted that the jump in the temperature dependence for X C ) 0.2 in the plot for PSM-d 31 (Figure 10c ) is reflected in the curve for POPCd 31 in the identical mixture (Figure 10d ). For the sphingolipid, the chain length suddenly increases with decreasing temperature starting at ∼25°C, indicating the emergence of an l o phase with a larger cholesterol mole fraction. However, for POPC-d 31 , we see the contrary behavior at 25°C. Instead of increasing, the thickness decreases at 25°C, manifesting a decreased order of the palmitoyl chain comparable to that in a pure POPC phase. Although cholesterol is distributed evenly between the two lipids at higher temperatures, it now participates to a greater extent in the l o phase of sphingomyelin, thereby increasing its order and leaving POPC in a phase of low cholesterol content. This can be explained by a slightly stronger affinity of cholesterol for the sphingolipid. Thus, the thermal energy of the lipids is not sufficient at lower temperatures to overcome the binding enthalpy between cholesterol and sphingomyelin.
The incorporation of cholesterol up to a mole fraction of X C ) 0.33 leads to the following interesting effect in ternary mixtures. Although the addition of cholesterol initially drives the phase separation by inducing greater lateral order in sphingomyelin than in POPC, in mixtures with high amounts of cholesterol, saturation of the ordering effect for PSM seems to facilitate mixing of the components. This is indicated by the similarity of the 2 H NMR spectra obtained for the two lipids (Figure 5c,d) as well as by their nearly identical D C values at lower temperatures (19.3 vs 19.6 Å, respectively, at 15°C). At a higher temperature of 60°C, the differences in chain length increase to 2 Å, which is also reflected in significant broadening of the respective signals seen in Figure 5c ,d. This again shows the stronger temperature dependence of the POPC acyl chain order, as already evident in the binary mixtures. As a rule, the ternary mixture behaves as implied by the results for the binary mixtures with cholesterol. Moreover, the lipids in the ternary mixture have quite similar structural parameters, as expected if cholesterol is almost evenly distributed between them. Phase separation occurs only if the thermal energy of the molecules is lower than the enthalpy of the cholesterol-sphingolipid interaction and the cholesterol concentration is low enough to enable competition between the two lipids for the sterol. The stronger affinity of cholesterol for sphingomyelin is then sufficient to drive the formation of membrane domains. In our work, this phenomenon was observed only at intermediate cholesterol concentrations, as in the ternary mixture of 1:1 PSM/ POPC with X C ) 0.2 below 25°C.
Implications for Rafts in Cellular Membranes. Although glycerophospholipids are sufficient to form lipid bilayers, 44 most eukaryotic cells contain sphingolipids and sterols as additional classes of lipids, each available only through elaborate biosynthesis. This considerable anabolic expense, as well as the abundance of these lipid classes in the plasma membrane (typically 30-40 mol % cholesterol and 10-20 mol % sphingomyelin 45 ), naturally raises the question of their evolution and function in the organization of the bilayer. The implication that the well-known ordering effect of cholesterol for sphingomyelin and other saturated glycerophospholipids leads to lateral phase segregation and microdomains needs further clarification, as the situation in vivo is far too complex to be determined directly. However, the structural properties and phase-transition temperatures of sphingomyelins near body temperature (37°C) suggest they may play an important role in the formation of specialized domains in membranes such as lipid rafts. 46 The data assembled in this study give some interesting insights into the effect of cholesterol on the lateral organization of such mixtures. The approach of using a model membrane, comprising a lipid that forms a fluid bilayer together with a lipid known to form a more ordered bilayer as well as cholesterol in varying amounts, is probably most accessible as a mimic of biomembranes with a vast number of components. 47 Interestingly, cholesterol has two different functions in our model membrane system: on the one hand, it further increases the hydrophobic mismatch of the lipids at low concentrations and thereby enhances phase separation, and on the other hand, it functions as a mixing agent at high concentrations. This variation in function is interesting, insofar as other sterols which appear in lower organisms, e.g., lanosterol or ergosterol, show acyl chain ordering in POPC-d 31 up to just 25 mol % sterol.
32 Consequently the saturating behavior seems to be a distinct feature of each lipid in its interaction with a specific sterol. This has already been shown for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) membranes, in which, contrary to the case for DPPC membranes, cholesterol has smaller ordering effects than ergosterol 48 but greater effects than lanosterol. 49 Additionally, cholesterol has been found to have a much higher mobility between the two leaflets than ergosterol or lanosterol, 50 further indicating a possible role of cholesterol as a mediator of interactions between the different monolayers.
If we now consider the phase separation as being mostly driven by hydrophobic mismatch of the acyl chains of the various lipids, it is normally assumed that the thickness difference is induced by unequal sterol partitioning into the two phases. However, our study shows that this assumption is not needed for lateral segregation to be generated, because the difference in ordering upon addition of cholesterol already seen in binary mixtures is sufficient to drive phase separation. Additional measurements by us (data not shown) and other studies 42 of perdeuterated cholesterol in PSM/POPC/cholesterol mixtures display an intermediate ordering between those of PSM/cholesterol and POPC/cholesterol, in contrast to the results for the chain-perdeuterated lipids. In line with recent pulsefield-gradient NMR studies of similar systems, 41 this implies that cholesterol is involved in exchange between the different membrane regions that is fast on the NMR time scale (milliseconds to microseconds). Nonetheless, it should be noted that preferential affinity of the sterol for the sphingolipid probably appears at small cholesterol mole fractions and low temperatures, as shown here for PSM-d 31 /POPC with X C ) 0.20 below 25°C.
An alternative 41, 42 is to consider a different mechanism for phase separation, namely, the influence of the configurational entropy on the partitioning of lipids with disordered acyl chains in the l d phase. This mechanism assumes that the overall greater order parameters of sphingomyelin should lead to a smaller entropy penalty than for POPC upon interaction with cholesterol. Miscibility of SM/cholesterol mixtures strongly depends on the degree of unsaturation in similar systems employing phosphatidylethanolamine. 37 This effect could not be seen in our systems, however, as the order in the binary POPC-d 31 /cholesterol systems is far more sensitive to temperature changes than in comparable mixtures of PSM-d 31 /cholesterol. In ternary mixtures, this should lead to increased phase separation at high temperatures, which could be seen only weakly in our work and in a recent study on very similiar mixtures. 51 The largest domains with distinct detectable subspectra for each phase were observed in mixtures with X C ) 0.20 at low temperatures, indicating a strong influence of enthalpy rather than entropy.
Finally, we note that the phase separation seems to occur mainly in regions with smaller cholesterol mole fractions, with distinct subspectra observable on the 2 H NMR time scale. Hence, it is probable that domain size strongly depends in the same way on sterol concentrations. In other words, domains are largest and most stable at intermediate cholesterol content. If our results were to be compared to those for biological membranes with high cholesterol content (up to 50 mol %), it would seem unlikely that patches of l o domains would be floating in a completely segregated l d phase in vivo. More probably, the plasma membrane would exist mainly in a highly ordered l o phase that is interrupted by smaller, more disordered areas of high fluidity. Of course, this does not take into account the possibility of domain formation due to cytoskeleton-linked membrane proteins or the asymmetric distribution of the diverse lipid species throughout the two leaflets of the bilayer. It has been shown in model membranes 52 that formation of such domains entails Gibbs free energies that are much lower than those for protein-lipid interactions, which therefore may indicate a role for proteins in domain formation. Further detailed information regarding protein-lipid interactions can contribute to an understanding of the lateral organization of cellular plasma membranes and how rafts may be implicated in their functional mechanisms.
